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I. INTRODUCTION 
Controlled-environment studies are being conducted with Scotch pine 
(Pinus sylvestris L.) to help identify the provenances and environmental 
regimes that most efficiently provide the kind of forest complex desired 
for specific production goals (Jensen and Gatherum, 1965, 1967; Dykstra 
and Gatherum, 1967; Gatherum, et al.,1967; Gordon and Gatherum, 1968, 
1969; Schultz, 1968). Identification of these provenances and regimes 
is accomplished, in part, by determining the effects of specific environ­
mental and some genetic factors on physiological processes underlying 
production. This controlled-environment study considered the relation­
ship of soil moisture and soil texture to photosynthesis, respiration, 
vegetative growth, distribution of assimilate, plant water deficits and 
nitrogen uptake and distribution of a Bulgarian Scotch pine provenance. 
A. Discussion of Variables 
Growth and development of a tree is the product of the interaction 
of the environmental factors to which it is exposed and its genetic con­
stitution. The direct environmental factors which influence tree growth 
are 1) solar radiation, 2) moisture, 3) carbon dioxide, 4) oxygen, and 
5) nutrients. All effects of indirect environmental factors on tree 
growth can be attributed to a change or modification of one or more of 
the direct factors. In this study, genetic variation was limited to 
that which occurred within the specific provenance. No attempt was 
made to measure or monitor the variation among individuals of the common 
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provenance. Two important indirect environmental factors, soil moisture 
and soil texture at specified treatment levels, were independent vari­
ables . 
The importance of available soil moisture as a growth determining 
factor in trees and herbaceous plants has been verified in numerous 
research studies (see literature review of Kozlowski and Keller, 1966; 
Lister, e^  , 1967; Stransky and Wilson, 1967; Bonner, 1968; Dickson, 
1968; Schultz, 1968; Smith, 1968; Zelawski, et , 1969). The general 
decrease in growth with decreasing available soil moisture is the result 
of both the direct effects of water deficits on cell turgor and the in­
direct effects of water deficits on physiological processes such as 
photosynthesis, respiration, vegetative growth and nutrient uptake. 
Soil texture, in the strictest sense, is the relative proportions 
of sand, silt and clay. Certain arbitrary divisions are made, and a 
descriptive name is applied to all particle-size compositions within each 
arbitrary division (USDA Soil Survey Staff, 1951, 1960). Because of the 
infinite variability in minéralogie composition of soils, soil proper­
ties vary with texture. Texture alone does not provide an entirely 
suitable basis for making inference about other soil properties. In­
formation about soil characteristics such as 1) water retention, 
2) water movement, 3) bulk and particle density, 4) porosity, 5) pH, 
6) cation-exchange capacity, 7) base saturation, 8) total carbon and 
9) nutrient availability when related to soil texture will limit the 
inherent variability involved with a strict textural analysis. Soil 
texture indirectly affects plant growth through its influence on soil 
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water supply (Longwell, et al., 1963) and on the supply of nutrients 
such as nitrogen (Wilsie, e^  al., 1944). Forestry research emphasis in 
the area of soil texture and plant growth has been meager (Wenger, 1952; 
Stransky and Wilson, 1967; Bonner, 1968). Yet the strong influence that 
soil has on tree growth makes it a vital factor when studying tree growth 
responses. 
The internal moisture regime of a plant depends on the relative 
rates at which moisture is absorbed and lost by transpiration. Daily 
internal moisture deficits in plants are common when environmental con­
ditions favor high transpiration rates. This absorption lag generally 
will equalize during the night, provided soil moisture is adequate. 
Under conditions of decreasing soil water and increasing soil water 
tension, a plant exhibits internal moisture stress, cessation of height 
growth, cessation or decrease in dry weight, and greatly reduced 
transpiration (Slayter, 1957). Excellent discussions of plant-water 
relationships are found in books by Slayter (1967) , Kozlowski (1968) 
and Kramer (1969). 
Nitrogen is one of the most important growth determining factors in 
plants. Plants have a relatively large requirement for nitrogen, yet in 
its available form, it is found in very minute quantities in the soil. 
The bulk of the soil nitrogen is in organic form and presumably has 
accumulated there from the elemental form in the atmosphere — predomin­
antly by biological fixation processes. Most of the combined nitrogen 
absorbed from soil by plants under natural conditions probably has been 
accumulated in the soil from the atmosphere and is not the original 
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nitrogen still present in the mineral matter (Black, 1968). On many 
forest sites, the amount of nitrogen in the available form may be in­
sufficient to provide maximum growth under the prevailing environmental 
regime. Under these conditions the addition of fertilizer nitrogen 
may increase growth (Tamm, 1956; Pharis, et al., 1964; Moehring, 1966; 
Bonner and Broadfoot, 1967; Brix and Ebell, 1969). The addition of 
nitrogen fertilizer may not induce maximum growth unless the nitrogen 
is in the most available form for the particular species (Pharis, et al., 
1964; Durzan, 1964; McFee and Stone, 1968). To further complicate the 
problem, soil moisture content has an effect on the rate at which or­
ganic nitrogen compounds are mineralized and therefore affects nitrogen 
availability to plants (Robinson, 1957; Reichman, et al., 1966) 
B, Objectives 
The specific objectives of this study were to determine: 1) the ef­
fects of soil moisture over the range of available moisture (soil 
moisture retained in the soil at tensions between 0.1 atmosphere and 
15 atmospheres) on gross and net photosynthesis, dark respiration, vege­
tative growth, distribution of assimilate, and uptake and distribution 
of nitrogen; 2) the effects of soil texture ranging from a fine sand to 
a clay loam on these dependent variables; 3) the extent of soil 
moisture by soil texture interaction in relation to these dependent vari­
ables; 4) the relationship of plant Internal moisture stress to soil 
moisture and soil texture; 5) the relationship of plant internal mois­
ture stress to the above dependent variables. 
5 
II. METHODS AND PROCEDURES 
This controlled-environment study was conducted in two phases: 
1) establishment and treatment phase, and 2) laboratory analysis phase. 
A randomized, complete-block design was used with each of five blocks 
containing a factorial treatment arrangement of five soil moisture 
ranges and five soil texture levels. 
Differences in soil texture result in different moisture retention 
characteristics, therefore the soil moisture treatment ranges are based 
on the percentage of available water. Minimum soil moisture levels are 
0, 12.5, 25, 50 and 100 percent of available soil moisture as derived 
from individual soil moisture retention curves. Zero percent available 
moisture was oven-dry weight, soil moisture content using a pressure 
membrane apparatus at a tension of 15 atmosphere; and intermediate 
available moisture levels were obtained by using a pressure plate 
apparatus (Richards, 1965). A Tempe cell with a fritted glass porous 
plate (Vomocil, 1965), at 0.1 atmospheres of tension, was used to 
determine the 100 percent available soil moisture content. Soil moisture 
was gravimetrically controlled. Potting medium in each pot was allowed 
to dry to the prescribed minimum soil moisture level and then watered 
to saturation. Table 1. contains moisture content data for 15 and 0.1 
atmosphere tension and percent available moisture for all five soil 
texture levels. 
Five soil texture levels were made from two base soils at the ex­
tremes and three evenly spaced, intermediate mixtures (by volume), of 
the base soils. The A^  and B horizons of an Ames clay loam represent a 
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fine, poorly-drained soil. The Ames series is a member of the fine, 
montmorillonitic, mesic family of Typic Albaqualfs. The A horizon of a 
Sparta fine sand represents an excessively well-drained, coarse soil. 
The Sparta series is a member of the sandy, mixed mesic family of Entic 
Hapludolls. Some physical and chemical characteristics of the test soils 
are contained in Table 2. 
A. Establishment and Treatment Phase 
The study consisted of 125 individually potted Scotch pine seed­
lings . The seedlings were grown in Percival Model PT-80 phytotrons. 
Each growth chamber contained a complete treatment replication consisting 
of 25 seedlings. During the growing period an average light intensity 
of 3000 foot-candles was maintained at the apical bud. A photoperiod of 
16 hours day-light and 8 hours darkness was applied during the growing 
periods. A photoperiod of 10 hours daylight and 14 hours darkness was -
applied during the dormant period. The diurnal temperatures during 
the growth periods were 24°C. day and 12°C. night. The chamber relative 
humidity varied between 30 and 60 percent during the growing period 
and averaged about 80 percent during the dormant periods. During the 
dormant periods, the temperatures were 5°C. day and 3°C. night with only 
one-half of the fluorescent lamps on during the day period. The reduced 
light was necessary to maintain the chambers at the low temperatures. 
During the dormant periods the seedlings were not under moisture treat­
ment. The pots were watered once every nine days. A very distinct 
foliage color change was noted during the 20th to 40th days of the dor­
7 
mant period. Starting at the tips the needles changed from the normal 
green or yellow-green to a very pronounced greenish purple. Fertiliza­
tion was carried out on a routine basis with each pot receiving equal 
quantities. 
1. Planting and Establishment 
Scotch pine (Pinus sylvestris L.) seed from the Rhodopes region of 
Bulgaria, 42° N. latitude, 25° E. longitude and 1100 meters elevation, 
was sown in crispers of silica sand on 1 December 1968. By 14 January 
1969, three seedlings had been transplanted into each of 125 one-gallon 
pots. On 31 January and 27 March, all pots were inoculated with three 
grams of mycorrhizae containing soil. A complete fertilizer (10-8-7 and 
micronutrients) was applied to each pot at the rate of 100 lbs. per acre 
urea-N on 3 January and 50 lbs. per acre urea-N on 7 February and 
26 March. The initial growth period was terminated on 15 April, 135 
days after the seed was sown. At this time the stems had completed 
elongation and were no longer succulent, the needles were mature and the 
buds were set. During this establishment period, the seedlings were 
watered once every two days. The first dormant period commenced on 
16 April and was terminated on 16 June, a period of 63 days. 
2. Soil Moisture Treatment 
Soil moisture treatments were effected at the first sign of bud-
break, between six and 15 days after the second growth period was in­
itiated on 17 June. On 26 July, the seedlings were fertilized (17-17-17) 
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Table 1. Percent moisture content and percent available soil moisture 
for soil texture treatment levels 
Texture, 
Soil Mixture 
Moisture Content 
at 15 Atmospheres 
% 0. D. Wt. 
Moisture Content 
at 0.1 Atmospheres 
% 0. D. Wt. 
Available 
Moisture 
% 0. D. Wt. 
Ames 13.0 33.0 20.0 
3/4 Ames 
1/4 Sparta 10.5 27.0 16.5 
1/2 Ames 
1/2 Sparta 8.0 20.5 12.5 
1/4 Ames 
3/4 Sparta 4.5 14.0 9.5 
Sparta 2.7 9.0 6.3 
at the rate of 50 lbs. per acre NH^ NO^ -N. On 12 August, the seedlings 
were thinned to one plant per pot. On 13 September, after 88 days, the 
second growth period was terminated. The second dormant period commenced 
on 14 September and terminated on 30 November, a period of 70 days. 
The third and final growth period was initiated on 1 December 1969 
at which time the pots were fertilized with 75 lbs. per acre NH^ NO^ -N, 
50 lbs. per acre each of P as superphosphate and K as KCl. Moisture 
treatments were effected at the first sign of budbreak 15 and 20 days 
after the growth period was initiated. On 24 December, a final applica­
tion of fertilizer was applied at the same rate as on 1 December. The 
establishment and treatment phase was terminated on 9 March 1970, 98 
days after commencing the third and final growth period and 463 days 
Table 2. Some selected physical and chemical characteristics of the Ames and Sparta soils 
Soil 
Name 
Particle Size Fraction 
Percent, Oven Dry Weight 
Fine Coarse Particle 
Clay Silt Silt Sand Density 
<2u 2-20u 20-50u >50u gm/cm3 
Bulk 
Density 
gm/cm3 
Total 
Porosity 
% 
Saturated 
Hydraulic 
Conductivity 
cm/hr. 
AMES 
A,, & B 
Horizons 
24.4 23.2 27.1 25.3 2.66 1.16 56.6 0.17 
SPARTA 
A 
Horizons 
0 . 0  2.7 11.8 85.5 2.64 1.38 47.8 28.00 
Available 
Soil Total Phosphorous Exchangeable CEC Base Saturation Ca/Mg 
Name pH Carbon P lbs. /acre meq/ Computed Percent Ratio 
% lb. / acre K Ca Mg lOOgm. Ca Mg K 
AIy.ES 
A„ & B 4.9 0.66 15 382 5720 1600 28.6 49.9 23.3 1.7 2.15 
Horizons 
SPARTA 
A 5.4 0.73 40 96 1202 228 4.8 64.5 20.2 2.7 3.20 
Horizons 
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after the seed was sown. 
B. Laboratory Analysis Phase 
The laboratory phase commenced on 10 March 1970. The seedlings had 
completed stem and needle elongation, and all buds were well formed. 
Photosynthesis, respiration, vegetative growth, internal moisture stress 
and utilization of assimilate were measured on all seedlings. Uptake and 
distribution of nitrogen were measured on a subsample of the main study. 
The subsample was composed of four complete replications of four soil 
moisture ranges (0, 25, 50 and 100 percent available soil moisture) and 
three soil texture levels (Ames, 1/2 Ames-1/2 Sparta, and Sparta) for a 
total of 48 seedlings. 
1. Photosynthesis, Respiration and Vegetative Growth 
Net photosynthesis and dark respiration were measured in a gas-tight 
controlled environment chamber described by Broerman, e^  , (1967). 
Carbon dioxide exchange was measured with a Beckraan L/B, Model 215, 
infrared gas analyzer and continuously recorded on an Esterline-Angus 
Recti-graph recorder. Carbon dioxide uptake and evolution rates were 
measured at a 350 ppm CO^  concentration. The chamber temperature was 
maintained at 24 ± 1°C. and the light intensity at 3000 foot-candles. 
Gross photosynthesis was calculated from the addition of net photo­
synthesis and dark respiration. 
The watering schedule was adjusted so that each pot was at the pre­
scribed minimum soil moisture treatment level at the time of laboratory 
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analysis. All measurements were made following a dark period to insure 
plant-soil moisture equilibrium. Immediately preceding photosynthesis 
measurements, each seedling was preconditioned for 15 minutes under test 
conditions. 
Seedling diameter (at root collar) and total height (root collar to 
top of terminal bud) were recorded just before preconditioning. Fresh 
and dry weights of plant parts were recorded at the completion of lab­
oratory testing. Dry weights were taken after drying at 68°C. for 
24 hours. 
2. Plant Water Deficits 
Water deficits were determined by the relative turgidity method on 
needles and by the pressure-bomb method on the intact seedling top. 
Following carbon dioxide exchange measurements, two needle fascicles 
were removed from the center of the new growth on the primary stem of 
each seedling. Relative turgidity was determined by slightly modifying 
the procedures used by Harms and McGregor (1962). The needles were 
supported in tygon tubes such that the needle base was immersed in 
saturated silica sand. 
After the relative turgidity measurements were completed, each 
seedling was cut at the root collar, and the internal moisture stress 
of the top was measured with a pressure-bomb (Scholander, e^  ^ ., 1965) 
3. Plant-Nitrogen Determination 
Total nitrogen and nitrate nitrogen were determined on needles. 
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stems and roots of the 48 seedling subsamples. 
Total nitrogen was determined by a modified Kjeldahl digestion 
method (Warner and Jones, 1970) at the Plant Analysis Laboratory, Ohio 
Agricultural Research and Development Center, Wooster, Ohio. 
Nitrate determinations of plant material were made with an Orion 
nitrate-selective electrode described by (Bremner, et al., 1968). A 
slight modification of the method described by Paul and Carlson (1968) 
was used. The dried plant material was ground to pass through a 20 
mesh screen and the nitrate determination made directly from the dry 
matter-water suspension. Dowex 50-X8 (20-50 mesh) hydrogen saturated 
resin was used in lieu of 50-100 mesh. The sample size was increased to 
1 gram and the water volume added reduced to 30 milliliters. 
C. Statistical Analysis 
Standard F values for tests of significance at the 1 and 5 percent 
probability levels, were computed from the analysis of variance. Co-
variance analysis using internal moisture stress of seedling tops and 
needle relative turgidity as covariates was used to aid in interpreting 
these treatment effects and plant water deficit effects on the dependent 
variables measured. Orthogonal regression comparisons (Steel and 
Torrie 1960) were used to partition the equally-spaced texture treatment 
sums-of-squares into linear and lack-of-fit components. Linear, quad­
ratic and lack-of-fit components of the unequally spaced soil moisture 
treatment sums-of-squares also were computed. 
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The orthogonal regression comparison coefficients for unequal 
spacing were computed by using the method derived by Robson (1959) . 
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III. RESULTS 
A. Photosynthesis and Respiration 
1. Soil Texture 
Gross photosynthesis, net photosynthesis and dark respiration per 
seedling decreased with decreasing clay content of the soil mixtures 
(Figure 1, Table 3). The maximum rates occurred in the fine Ames clay 
loam soil and the minimum rates occurred in the coarse Sparta fine sand 
soil. 
Gross photosynthesis, net photosynthesis and dark respiration per 
gram dry weight of needles decreased with decreasing clay content for 
all soil mixtures except the Sparta fine sand soil. The rates in the 
100 percent Sparta sand were slightly greater than those in the 25 percent 
Ames - 75 percent Sparta soil mixture (Figure 2, Table 3). 
Results of covariance analysis, with internal moisture stress as a 
covariate, showed no soil texture treatment effects for dark respiration 
per seedling and per gram dry weight needles. When needle relative tur-
gidity was used as a covariate the treatment effects did not vary from 
those computed by the standard analysis of variance. 
The responses of photosynthesis and respiration per gram fresh 
weight of needles were similar to those for dry weight. 
2. Soil Moisture 
Gross photosynthesis, net photosynthesis and dark respiration per 
seedling increased with increasing soil moisture over the entire range 
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of available soil moisture (Figure 3, Table 3). There is, however, a 
decrease in the rate of response in the increment of 50 to 100 percent 
available soil moisture. 
Gross photosynthesis, net photosynthesis and dark respiration per 
gram dry weight of needles followed a similar increasing trend (Figure 4, 
Table 3). 
The decrease in rate of dark respiration per seedling and per gram 
dry weight of needles with decreasing soil moisture from 50 to 0 percent 
available soil moisture was not as great as the rate of decrease for 
photosynthesis. 
Results of covariance analysis, with internal moisture stress as a 
covariate, showed no soil moisture treatment effects for dark respira­
tion per gram dry weight needles. When relative turgidity was used as 
a covariate the treatment effects did not vary from those computed by 
the standard analysis of variance. 
The responses of photosynthesis and respiration per gram fresh 
weight of needles to increasing available soil moisture were similar to 
those for dry weight. 
A texture by moisture interaction occurred for gross and net photo­
synthesis per seedling. A plot of treatment combination means against 
available soil moisture revealed response variations for the two sandy 
soil mixtures at moistures between 0 and 50 percent available soil 
moisture. 
Table 3. F values from analysis of variance for photosynthesis and respiration variables of 
Scotch pine 
Soil Texture Soil Moisture Texture 
Quad- Lack Quad- Lack x 
Dependent Total Linear ratic of fit Total Linear ratic of fit Moisture 
Variable 4 d.f. (1 d.f.) (1 d.f.)(2 d.f.) 4 d.f. (1 d.f.) (1 d.f.) (2 d.f.) 16 d.f. 
Gross 15.78 60.74 0.15 1.13 58.97 226.10 7.53 1.12 2.20 
Photosynthesis 
/seedling/hr. 
** ** ** ** * * 
Net 13.83 53.65 0.02 0.82 51.67 197.68 6.61 1.20 2.19 
Photosynthesis 
/seedling/hr. 
Dark 10.22 37.61 0.56 1.35 37.32 143.70 4.74 0.41 1.65 
Respiration 
/seedling/hr. 
** ** * ** ** * 
Gross 18.00 60.80 3.74 3.74 41.00 153.95 4.74 2.66 1.44 
Photosynthesis 
/gm. dry wt. 
needles/hr. 
* 
Significant at 5% probability level. 
** 
Significant at 1% probability level. 
Table 3. continued 
Soil Texture Soil Moisture Texture 
Quad- Lack Quad- Lack x 
Dependent Total Linear ratio of fit Total Linear ratio of fit Moisture 
Variable 4 d.f. (1 d.f.) (1 d.f.)(2 d.f.) 4 d.f. (1 d.f.) (1 d.f.) (2 d.f.) 16 d.f. 
** ** ** ** * 
Net 14.21 47.58 3.79 2.72 38.37 143.70 4.85 2.47 1.47 
Photosynthesis 
/gm. dry wt. 
needles/hr. 
** ** * ** ** 
Dark 15.74 53.74 1.50 3.87 21.95 82.98 1.83 1.48 1.26 
Respiration 
/gm. dry wt. 
needles/hr. 
Figure 1. Gross photosynthesis, net photosynthesis and dark respiration 
per seedling of Scotch pine in relation to mixtures of Ames 
clay loam (A) and Sparta fine sand (S) soils. The soil mix­
tures by volume are: 1) 100% A, 2) 75% A - 25% S, 3) 50% A -
50% S, 4) 25% A - 75% S, and 5) 100% S. 
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Figure 2. Gross photosynthesis, net photosynthesis and dark respiration 
per gram dry weight needles of Scotch pine in relation to mix­
tures of Ames clay loam (A) and Sparta fine sand (S) soils. 
The soil mixtures by volume are: 1) 100% A, 2) 75% A - 25% S, 
3) 50% A - 50% S, 4) 25% A - 75% S, and 5) 100% S. 
21 
Q 
ce: 
LU Q-
OO y 
s 
LU 
CD I—I 
LU 
Q 
3.0 
2.5 
2.0 
1.5 
UD 
or 
LU 
o_ 
CM 
O (_) 
CD 
1.0 
0.5 
1 
SOIL MIXTURE 
0 
I #1 ill 
GROSS 
I a 
I 
0 
I :i 
I 
NET 
I 
I III 
PHOTOSYNTHESIS PHOTOSYNTHESIS 
DARK 
RESPIRATION 
Figure 3. Gross photosynthesis, net photosynthesis and dark respiration 
per seedling of Scotch pine in relation to minimum soil mois­
ture level. Available soil moisture is the soil moisture re­
tained between 0.1 and 15 atmospheres of tension. 
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B. Vegetative Growth 
1. Soil Texture 
Seedling stem height and stem diameter did not vary over the range 
of soil textures tested. Growth of needles and roots as measured by 
dry weight production varied over the range of soil textures (Table 4, 
Figure 5). Maximum dry weight production occurred in the intermediate 
textures, those containing some clay. Minimums occurred at the extremes, 
those mixtures containing the highest percent clay and the lowest per­
cent clay. Stem dry weight production did not vary over the range of 
soil texture tested. The fresh weight production responses were similar 
to those for dry weight. 
Distribution of assimilate for stem, needle and root production, 
expressed as percent of total seedling dry weight, in the fine tex­
tured soil mixture was different from the remaining soil mixtures. 
The percentage of assimilate distributed to the stems did not vary 
over the soil mixtures tested. 
2. Soil Moisture 
Seedling stem height and stem diameter increased with increasing 
available soil moisture (Figure 6, Table 4). The maximum rate of in­
crease occurred between 0 and 50 percent for stem diameter. 
Growth of stems, needles and roots, as measured by dry weight pro­
duction, increased with increasing available soil moisture (Figure 7, 
Table 4). The maximum rate of increase occurred between 0 and 25 percent 
Table 4. F values from analysis of variance for growth variables of Scotch pine 
Soil Texture Soil Moisture Texture 
Quad­ Lack Quad­ Lack X 
Dependent Total Linear ratic of fit Total Linear ratic of fit Moisture 
Variable 4 d.f. (1 d.f.) (1 d.f.) (2 d.f.) 4 d.f. 1 d.f. (1 d.f.) (2 d.f.) 16 d.f. 
Stem height 0.60 0.04 1.48 0.44 7.85** 27.70** 2.85 0.44 1.01 
Stem diameter 1,11 0.53 3.13 0.38 6.06** 19.75** 2.76 0.86 0.86 
Dry weight top 2.24 0.19 6.51* 1.21 12.52** 41.40** 5.13* 1.78 0.80 
Dry weight needles 
* 
2.63 0.12 7.98** 1.21 14.12** 44.25** 7.35** 2.44 1.04 
Dry weight stem 1.67 1.51 2.94 1.12 7.77** 28.90** 1.14 0.51 0.56 
Dry weight roots 8.60** 12.41** 17.03** 2.48 10.76** 37.20** 5.26* 0.29 1.84* 
Dry weight total 5.63** 3.04 13.61** 2.94 13.03** 44.72** 5.23* 1.07 1.18 
* 
Significant at 5% probability level. 
* 
Significant at 1% probability level. 
Figure 5. Dry weights of Scotch pine seedlings, stems and roots in re­
lation to mixtures of Ames clay loam (A) and Sparta fine sand 
(S) soils. The soil mixtures by volume are; 1) 100% A, 
2) 75% A - 25% S, 3) 50% A - 50% S, 4) 25% A - 75% S, and 
5) 100% S. 
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Figure 6. Stem height and stem diameter of Scotch pine seedlings in 
relation to minimum soil moisture level. 
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Figure 7. Dry weight of Scotch pine seedlings, stems, needles and roots 
in relation to minimum soil moisture level. 
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available soil moisture. 
Distribution of assimilate for stem, needle and root production 
expressed as percent of total seedling dry weight, did not vary over 
the range of available soil moisture. 
A texture by moisture interaction occurred for dry weight roots. A 
plot of treatment combination means against soil moisture indicates an 
increase in root growth with increasing available soil moisture for all 
soil textures except the heavy Ames clay loam soil. In this soil, root 
growth increased to 50 percent available soil moisture and then de­
creased to 100 percent. 
C. Plant Nitrogen 
1. Soil Texture 
Total plant nitrogen content, expressed as percent of dry weight for 
various seedling components, varied among the three soil textures tested 
(Figure 8, Table 5). Percent total nitrogen was minimum in the inter­
mediate soil texture and was greatest in the fine and coarse textured 
extremes. All plant components showed similar trends; however, the 
magnitude of total nitrogen percent varied among plant parts. The roots 
contained the highest percent followed by needles and then stems. Total 
nitrogen expressed as grams per seedling did not vary across the range 
of soil texture tested. 
Nitrate content, expressed as parts-per-million of dry weight for 
various seedling components, varied among the three soil textures (Figure 
8, Table 5). The magnitude of response, however, for the various 
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seedling components differed. In roots the maximum nitrate content 
occurred in the fine textured clay soil and was less in the intermediate 
and coarse textured soils. For stems and needles the maximum nitrate con­
tent occurred in the coarse sand soil and was less in the intermediate 
and fine textured soils. Nitrate expressed as milligrams per seedling 
showed a slight increase with decreasing clay content; however, it was 
significant only at the 10% probability level. 
2. Soil Moisture 
Total nitrogen content expressed, as percent dry weight, for various 
seedling components, decreased with increasing available soil moisture 
(Figure 9, Table 5). All plant components showed similar trends; however, 
the magnitude of total nitrogen percent varied among plant parts. The 
roots contained the highest percent followed by needles and then stems. 
The maximum rate of decrease in total nitrogen content occurred between 
0 and 50 percent of available soil moisture. Total nitrogen expressed 
as grams per seedling varied slightly with available soil moisture; 
however, it was significant only at the 10 percent probability level. 
It was low at 0 percent available soil moisture, increased to a maximum 
at 25 percent and then decreased to a minimum at 100 percent available 
moisture. 
Nitrate content, expressed as parts-per-million of dry weight for 
various seedling components, decreased with increasing available soil 
moisture (Figure 10, Table 5). The plant components showed similar 
trends; however, the magnitude of nitrate content varied among plant 
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parts. The roots contained slightly more nitrate than stems, and 
needles contained the least. The maximum rate of decrease in nitrate 
content occurred between 0 and 25 percent available soil moisture for 
needles and stems, and between 0 and 50 percent moisture for roots 
(Table 5). Nitrate content expressed as milligrams per seedling did 
not vary across the range of soil moistures tested. 
A plot of nitrate content against total nitrogen percent of seedling 
components varied (Figure 11). In needles an increase in total nitrogen 
percent resulted in the least rate of change in nitrate content. The 
linear regression equation was Y = (31.6)(X) + 29.1 and the linear cor­
relation coefficient (r) was 0.503. The response for roots was similar 
and the linear regression equation was Y = (55.9)(X) +29.7 and the 
linear correlation coefficient (r) was 0.424. The response in seedling 
stems, however, showed that with an increase in total nitrogen percent, 
the rate of change in nitrate content was considerably greater. The 
linear regression equation for stems was Y = (159.7)(X) + (-0.2) and the 
linear correlation coefficient (r) was 0.358. 
k 
Internal moisture stress was the only covariate used in the nitrogen 
gubsample covariance analysis. Results of covariance analysis showed no 
soil moisture treatment effects for percent total nitrogen in roots 
and parts-per-million nitrate in needles. However, total nitrogen in 
grams per seedling for soil moisture did show significant treatment 
effects. All other treatment effects remained unchanged. 
Table 5. F values from analysis of variance for nitrogen variables of Scotch pine 
Soil Texture Soil Moisture Texture 
Lack Quad- Lack x 
Dependent Total Linear of fit Total Linear ratic of fit Moisture 
Variable 2 d.f. (1 d.f.) (1 d.f.) 3 d.f. (1 d.f.) (1 d.f.) (1 d.f.) 6 d.f. 
Total N — Needles 8. 19** 0. 92 15 .46** 26 .57** 71. 33** 7. 94** 0. 44 0 .73 
Total N - Stem 16. 50** 1. 25 31 .76** 20 .16** 55. 69** 4. 64* 0. 15 0 .35 
Total N - Roots 7. 55** 2. 69 12 .42** 12 .38** 28. 61** 8. 12** 0. 39 1 .11 
Total N - Top 9. 45** 1. 58 17 .32** 26 .95** 72. 44** 8. 00* 0. 40 0 .93 
Total N - Seedlings 8. 65** 0. 00 17 .29** 27 .83** 74. 01** 9. 09** 0. 39 0 .95 
Nitrate - Needles 8. 56** 9. 14** 7 .99** 4 .35* 10. 03** 2. 58 0. 45 1 .20 
Nitrate - Stem 8. 92** 13. 64** 4 .20* 6 .04** 9. 95** 7. 10* 1. 08 1 .38 
Nitrate - Roots 8. 48** 11. 73** 5 .24* •4 .99** 12. 41** 1. 74 0. 81 1 .90 
Nitrate - Top 15. 05** 20. 07** 10 .02** 8 .75** 17. 64** 7. 38* 1. 22 2 .08 
Nitrate - Seedlings 7. 29** 3. 73 10 .85** 10 .35** 22. 69** 7. 56** 0. 82 2 .00 
Significant at 5% probability level. 
** 
Significant at 1% probability level. 
Figure 8. Total nitrogen content and nitrate content, dry weight base, 
of various parts of Scotch pine seedlings in relation to mix­
tures of Ames clay loam (A) and Sparta fine sand (S) soils. 
The soil mixtures by volume are: 1) 100% A, 3) 50% A - 50% S, 
5) 100% S. 
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Figure 9. Total nitrogen content, dry weight base, of various parts of 
Scotch pine seedlings in relation to minimum soil moisture 
level. 
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Figure 10. Nitrate content, dry weight base, of various parts of Scotch 
pine seedlings in relation to minimum soil moisture level. 
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Figure 11. Regression of nitrate content on total nitrogen content for 
needles, stems and roots of Scotch pine seedlings. The 
plotted points are treatment combination means. 
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D. Plant Water Deficits 
A plot of needle relative turgidity, against internal moisture 
stress, showed a very close linear relationship across the entire range 
of plant water deficits encountered under the treatment conditions 
(Figure 12 ). The linear regression equation for this data is Y = (-1.196) 
(X) + 98.8 and the linear correlation coefficient (r) is -0.907. 
1. Soil Texture 
Internal moisture stress of seedling tops varied among the soil 
textures tested (Figure 13, Table 6). Seedlings grown in the two high 
clay, soil mixtures showed similar responses and gave minimum stress 
values. The seedlings grown in the two, sandy soil mixtures showed 
similar responses and gave maximum stress values. Seedlings grown in the 
intermediate textured soil mixture exhibited stress values midway between 
those of the extreme soil textures. 
Values of needle relative turgidity were similar to those for in­
ternal moisture stress, but showed a reciprocal response (Figure 13 
Table 6). 
2. Soil Moisture 
Internal moisture stress of seedling tops decreased with increasing 
available soil moisture from 12.5 to 100 percent available soil moisture 
(Figure 14 Table 6). The 0 and 12.5 percent levels did not differ. The 
maximum rate of stress decrease occurred between 12.5 and 50 percent 
available soil moisture. 
Table 6. F values from analysis of variance for plant water deficit variables of Scotch pine 
Soil Texture Soil Moisture Texture 
Quad- Lack Quad- Lack x 
Dependent Total Linear ratic of fit Total Linear ratic of fit Moisture 
Variable 4 d.f. (1 d.f.) (1 d.f.) (2 d.f.) 4 d.f. 1 d.f. (1 d.f.) (2 d.f.) 16 d.f. 
Relative  ^  ^
turgidity 15.51 48.54 0.91 6.29 25.90 92.37 3.26 3.74 2.02 
Internal 
moisture ** ** ** ** ** ** ** * 
stress 22.34 75.15 0.01 7.10 59.08 209.70 12.09 7.26 2.28 
* 
Significant at 5% probability level. 
Significant at 1% probability level. 
Figure 12. Regression of needle relative turgidity on internal moisture 
stress for Scotch pine seedlings. The plotted points are 
treatment combination means. 
NEEDLE RELATIVE TURGIDITY - PERCENT 
Figure 13. Relative turgidity and internai moisture stress of Scotch 
pine seedlings in relation to mixtures of Ames clay loam (A) 
and Sparta fine sand (S) soils. The soil mixtures by volume 
are: 1) 100% A, 2) 75% A - 25% S, 3) 50% A - 50% S, 4) 25% A -
75% S, and 5) 100% S. 
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Figure 14. Relative turgidity and internai moisture stress of Scotch 
pine seedlings in relation to minimum soil moisture level. 
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Values of needle relative turgidity were similar to those for in­
ternal moisture stress, but showed a reciprocal response (Figure 14, 
Table 6). 
A texture by moisture interaction occurred for internal moisture 
stress and needle relative turgidity. A plot of treatment combination 
means against available soil moisture for these variables indicates re­
sponse variations for the two sandy soil mixtures at moistures between 
0 and 50 percent available soil moisture. 
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IV. DISCUSSION 
Physiological processes underlying production of Scotch pine seed­
lings varied in response to different combinations of soil texture and 
available soil moisture. Rate and magnitude of response, as well as the 
range of soil texture and available soil moisture over which rate and 
magnitude were maximized, varied among physiological processes. Soil 
texture and soil moisture indirectly affect physiological processes 
through their influence on plant water and nutrient deficits. Plant 
water deficits probably affect photosynthesis primarily 1) through the 
diffusion process associated with carbon dioxide supply to photo­
synthesis sites and 2) on photosynthate translocation from these sites. 
The factors most likely to affect carbon dioxide diffusion are 1) stoma-
tal closure resulting from reduced guard cell turgor and 2) reduced 
hydration of mesophyll cells. To a lesser degree, plant water deficits 
probably will affect both the photochemical, or "light" reaction, and the 
carbon dioxide reduction, or "dark" reaction, through alterations in 
enzyme activity. 
The use of internal moisture stress in covariance analysis in­
dicates that in certain cases internal moisture stress is more directly 
related to response variations than is soil texture or soil moisture. 
It is suggested that internal moisture stress, a measure of plant 
water potential, is more directly related to the plant biochemical 
processes of respiration and nitrogen metabolism than to growth function 
such as cell division and cell enlargement. The lack of significant 
soil moisture treatment effect for relative turgidity with internal 
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moisture stress as a covariate suggests a causal relationship in which 
relative turgidity varied in response to internal moisture stress. 
A. Soil Texture 
1. Photosynthesis and Respiration, 
The decrease of photosynthesis per seedling, photosynthesis per 
gram dry weight needles, and dark respiration with decreasing clay 
content in the five soil mixtures is related in part, to the water 
capacity and water movement characteristics of the soil. In the soil 
mixtures, available soil water increased with increasing clay content. 
The percent moisture content, at which permanent wilting percentage 
was mechanically determined, was considerably higher in the clay 
than in the sand. In the 100 percent Sparta sand soil with a wilting 
percentage of 2-3 percent moisture, virtually no soil water is available 
to equilibrate with the seedling during periods of low or no transpira­
tion. In the 100 percent Ames clay loam soil, with a permanent wilting 
percentage of 13 percent moisture, a considerable amount of water re­
mains in the soil. Some of this water is slowly available to the plant 
during periods of low or no transpiration, and the seedling probably 
will approach equilibrium with soil moisture thus decreasing the plant 
water deficits. 
The reduced rates of photosynthesis and respiration in the two 
high sand soils probably is an effect of stomatal closure as a result 
of high plant water deficits. These high deficits generally occur at 
the lower soil moisture treatment levels of the two high sand soils. 
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In these sandy textured soils, the water-holding capacity is low, and 
the amount of water available at the lower two moisture levels is one 
percent or less. Seedlings growing under such soil conditions probably 
would develop high plant water deficits early in the day from normal 
transpiration rates; thus causing stomatal closure and cessation of 
photosynthesis. This is substantiated by the fact that 67 percent of 
the seedlings tested from treatment combinations of the two high sand 
soils and available soil moisture levels between 0 and 25 percent, had 
a zero net photosynthesis rate. For all other treatment combinations 
only eight percent had a zero net photosynthesis rate. 
2. Vegetative Growth 
Maximum dry weight production of needles and roots occurred in the 
two coarser intermediate soil mixtures. Variation in seedling growth 
in different soil textures probably is related, in part, to effects of 
•V 
plant water deficits on growth processes. From studies on diurnal 
thermoperiodic response, plant growth processes were markedly affected 
during the night period and that variation in night temperature caused 
variation in growth (Kramer, 1957; Hellmers, 1963, 1966). Plant water 
deficits during the night also are a major factor affecting plant growth. 
Cell turgor must be maintained above a certain level if cell enlargement 
is to take place. High transpiration rates during the day result in 
plant water deficits that cause a reduction in cell turgor. If the 
time required for plant-soil water equilibrium to take place in dark­
ness is relatively long, cell elongation will be reduced. Soil texture 
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affects the rate of plant-soil water equilibrium indirectly by its 
effect on water movement and water capacity. In the two high clay soils. 
Water movement probably is limiting growth because of the greater portion 
of night required for plant-soil water equilibration. In the 100 percent 
Sparta sand soil, low water-holding capacity is probably the factor 
limiting growth. The intermediate textures provide the combination of 
water-holding capacity and water movement required for maximum growth. 
The variation in distribution of assimulate in the finer clay soil 
mixture is probably a result of the combined effects of reduced soil 
aeration and mechanical impedence causing needle production to increase 
at the expense of root production. 
3. Plant Nitrogen 
Percent total nitrogen of seedling parts was maximum in the high 
clay and high sand soil mixtures, and was minimum in tué interaiediate 
soil mixture. The same trend occurred for grams of total nitrogen per 
gram of dry matter produced. The total weight of nitrogen uptake per 
seedling did not vary with soil texture. Maximum seedling dry weight 
production occurred in the intermediate soil mixture. Therefore, the 
lowest total nitrogen percent and grams of nitrogen per gram of dry 
matter occurred in the seedlings producing the greatest dry weight. 
One would expect that an increase in plant size would normally result in 
a relatively constant or slightly decreasing value for grams of total 
nitrogen per gram dry matter, and an increase in weight of total nitro­
gen per seedling. Perhaps in this study nitrogen uptake by the seedling 
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was inhibited or available soil nitrogen was limiting. 
The significant difference between root nitrate content and stem 
nitrate content responses suggests the presence of different mechanisms 
or locations of mechanisms related to nitrogen metabolism that are not 
evident from the total nitrogen data. In the high clay soil mixture there 
is a high nitrate content in roots, and in the high sand soil mixture there 
is a high nitrate content in stems. lAien these responses are combined 
with needle nitrate, the resulting total parts-per-million nitrate per 
seedling follow the distribution pattern of total nitrogen percent. It 
is possible that nitrate differences in roots and stems are related to 
plant water deficits similar to those discussed under soil texture and 
vegetative growth. Further investigation into plant nitrogen metabolism 
is necessary to more fully understand the implications of these results. 
B. Soil Moisture 
1. Photosynthesis and Dark Respiration 
The increase of photosynthesis per seedling and per gram d^  weight 
needles with increasing available soil moisture corresponds with decreas­
ing internal moisture stress and increasing relative turgidity. These 
results concur with the findings of Brix (1962) with loblolly pine. The 
results are not in agreement with those of Zelawski, et al., (1969). 
In their study with Scotch pine seedlings in a loamy sand, no differences 
were reported in net photosynthesis per gram dry weight needles under 
soil moisture treatments of 40, 60 and 80 percent of soil capillary 
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capacity. Perhaps the lack of differences in net photosynthesis 
occurred because the soil moisture treatments did not cover a suffi­
ciently broad range of moisture levels to include significant plant 
water deficits. Moreover, no differences were found in needle relative 
turgidity among the three soil moisture treatment levels. In the 
present study, the major reduction in photosynthesis and needle relative 
turgidity occurred below 50 percent available soil moisture. 
The decrease in dark respiration with decreasing available soil 
moisture and increasing plant water deficits does not fully support the 
findings of Brix (1962). He reported a temporary increase in respiration 
in loblolly pine followed by a decrease, as severe water stress developed. 
Kramer (1969) attributed this temporary increase to a possible increase 
in substrate caused by the hydrolysis of starch to sugar, sometimes 
observed in plants subjected to water stress. Perhaps, if the rate of 
increased plant water deficits were gradual, the temporary respiration 
increase may. not be observed. This may be the case in the present 
study in which dark respiration rates were determined after a normal 
night period, when the plant was close to plant-soil water equilibrium. 
Zelawski e^  al., (1969) reported an increase in dark respiration with 
decreasing soil moisture; however, he also reported no differences in 
relative turgidity with decreasing soil moisture. Perhaps these dark 
respiration responses may be related to morphological differences caused 
by development under different soil moisture regimes, but not directly 
to plant water deficits. 
The texture by moisture interaction for photosynthesis probably 
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resulted from soil moisture measurement variations at the time of 
laboratory testing. The interaction occurred in the two high sand soils 
which had a moisture content of only 4.7 and 3.2 percent respectively 
between 0 and 50 percent available soil moisture. A small variation 
in pot moisture distribution, microclimate conditions, seedling size, 
or soil lost from leaching would directly or indirectly cause a change 
in the pot soil moisture conditions. Under these critically low 
moisture conditions a very small soil moisture measurement error would 
cause a relatively large plant water deficit change, resulting in 
photosynthesis rate variations. 
2. Vegetative Growth 
The increasing vegetative growth responses to increasing available 
soil moisture correspond with decreasing plant water deficits. The 
maximum rates in 1) dry weight production of various seedling parts, 
2) increasing stem diameter and 3) increasing stem height occurred in 
the range of the most rapid rate changes of internal moisture stress 
and relative turgidity. These results suggest that plant water deficit 
is the major factor limiting vegetative growth at higher plant water 
deficit levels. The relatively slow increase in vegetative growth at 
low plant water deficits suggests that some other growth factor or 
factors may be limiting growth. A reduction in the rate of decrease of 
stem height occurred at a substantially higher available soil moisture 
content than other measured growth variables. The differential response 
related to source of carbohydrates used in height growth during the 
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current season and to the fact that stem height is, in part, directly 
controlled by the bud, formed during the previous growing season. In 
red pine, carbohydrate reserves are primarily responsible for early-
spring root growth and needle activity. As bud elongation commences, 
photosynthate from previous year needles shifts from root to shoot 
elongation. In the latter part of the growing season, photosynthate 
from current year needles contribute primarily to wood formation of 
lower-stem internodes, (Larson, 1964; Gordon and Larson, 1968). Height 
growth then, is indirectly affected by the effects of plant water 
deficits on 1) carbohydrate production of the previous and current 
year and 2) bud formation during the previous year. It is directly 
affected by the effects of plant water deficits on cell division and 
cell elongation during the current year growth. 
The effect of plant water deficits on percent distribution of 
assimilate is variable. In this study no difference occurred in percent 
distribution of assimilate with increasing available soil moisture. 
The average dry weight shoot-to-root ratio was 2.2. In Scotch pine, 
Zelawski, et al., (1969) reported a decrease in shoot-to-root ratio 
with decreasing soil moisture and a mean ratio of 2.8. Lister, et al., 
(1967) reported increasing fresh weight shoot-to-root ratios in white 
pine with decreasing soil moisture. Because of the many genetic and 
environmental factors affecting the conversion and translocation of 
roetabolic materials, further studies are needed for a better under­
standing of variations in distribution of assimilate. 
The texture by moisture interaction for dry weight roots probably 
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is a result of poor aeration in the relatively wet, heavy textured soil 
mixture causing reduced root growth. 
3. Plant Nitrogen 
The weight of total nitrogen content per seedling varied only 
slightly with soil moisture indicating that low soil nitrogen may be a 
factor limiting seedling growth. Total nitrogen per seedling distribu­
tion was such that the uptake was low and equal at 0 and 100 percent 
available soil moisture, and was slightly higher at the intermediate 
moistures. The low total nitrogen content at zero percent available 
moisture is undoubtedly due to plant water deficits, while low uptake 
at 100 percent moisture may be due to limited soil nitrogen. The 
differences in uptake between the seedlings in the intermediate mois­
ture level and those in the high moisture level could be due to nitrogen 
being lost by leaching at the high moisture level. The decrease in 
total nitrogen percent and a similar decrease in grams of nitrogen per 
gram dry matter with increasing available soil moisture is a further 
indication that nitrogen may be limiting. If there had been abundant 
soil nitrogen, one would not expect such a sharp drop in percent on 
absolute plant nitrogen with increasing available soil moisture. A 
mean nitrogen percent of 0.78 percent and a range of 1.07 and 0.56 per­
cent are low compared to the needle nitrogen perçants reported for 
conifers by other authors. In mature trees Young and Dyer (1967) 
reported 1.11 percent for white pine and 0.96 percent for red spruce. 
Twenty-year-old douglas fir had 0.9 percent before fertilization and 
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between 2.25 and 2.70 percent after nitrogen fertilization (Brix and 
Ebell, 1969). Farmer, et al., (1970) reported 1.05 to 1.24 percent for 
pole-sized loblolly pine and Wells (1970) reported 1.08 to 1.34 percent 
for 7-year-old loblolly pine. As previously discussed, the rapid in­
crease in dry matter production of various seedling parts with in­
creasing available soil moisture from zero to 25 percent indicates that 
plant water deficit is the major factor limiting growth in this range. 
The needle nitrogen percent at 25 percent available soil moisture is 
0.86 percent. This combined with previous discussion in this section 
and data on common needle nitrogen percents, strongly suggest that re­
duced vegetative growth rates above 25 percent available soil moisture 
are caused by seedling nitrogen deficiencies resulting from low soil 
nitrogen. 
The ease of using the nitrate-selective, specific ion electrode for 
making nitrate determinations is advantageous, especially if additional 
information about the nitrogen status of the plant could be predicted 
from these determinations. The results of linear correlation and linear 
regression of nitrate content on total nitrogen percent for needles, 
stems, and roots suggest that needle nitrate content would be the best 
estimator for total nitrogen percent. 
The results of this study have quantified some of the relation­
ships between physiological processes underlying production and 
1) plant water deficits and 2) nitrogen uptake, as they are related to 
soil texture and available soil moisture. It has provided some of 
the biological information needed to define the plant water regimes and 
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nitrogen levels that most efficiently meet specific production goals 
for Scotch pine seedlings. Soil texture affects photosynthesis and 
respiration indirectly through its effect on plant water deficits. In 
the heavy clay soil the average photosynthetic rate, over all soil 
moisture levels, was greater than in the sandy soils. However, maxi­
mum dry matter production occurred in the sandy intermediate soil tex­
tures. Because of different soil water capacity and soil water move­
ment characteristics, the duration and magnitude of plant water 
deficits varied. These variations resulted in the different vegetative 
growth patterns. Nitrogen availability was affected by both soil texture 
and soil moisture through nitrogen retention and movement in the soil. 
Indirectly soil texture and soil moisture affect plant water deficits 
thereby affecting soil nitrogen uptake, and nitrogen metabolism and 
translocation within the seedling. 
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